The High-Intensity Proton Accelerator Project, named J-PARC, is in progress, with the aim of enabling studies on the latest basic science and the advancement of nuclear technology. In the project, a high-energy proton accelerator complex with the world's highest instantaneous intensity is under construction. In order to establish a reasonable shielding design, both simplified and detailed design methods were used in the shielding design of J-PARC. This paper reviews the present status of the radiation safety design study for J-PARC.
INTRODUCTION
The J-PARC (Japan Proton Accelerator Research Complex) (1) project is in progress as a collaboration between the Japan Atomic Energy Research Institute (JAERI) and the High-Energy Accelerator Research Organisation (KEK), with the aim of enabling studies on the latest basic science and the advancement of nuclear technology using a proton beam generated by a high-energy proton accelerator complex with the world's highest instantaneous intensity. In this project, the proton accelerator complex consists of a 600 MeV-333 mA linac, a 3 GeV-333 mA synchrotron with 1 MW power and a 50 GeV-15 mA synchrotron with 0.75 MW power. These accelerators will provide a 600 MeV proton beam of 200 kW to the transmutation experimental facility, a 3 GeV beam of 1 MW to the material and life sciences experimental facility and a 50 GeV beam of 0.75 MW to the particle and nuclear physics facility and neutrino experimental facility.
From the viewpoint of radiation shielding, the characteristics of J-PARC can be summarised as follows: high beam power (up to 1 MW), high beam energy (up to 50 GeV) and a large-scale accelerator complex ($3.2 km in length). Because of these characteristics, the project raised some very difficult radiation problems, such as a widely distributed radiation source, a thick shield and many ducts; shielding calculation methods with high accuracy were required for a detailed design study. This paper reviews the present status of the radiation safety design study for J-PARC.
CALCULATION METHODS IN J-PARC SHIELDING DESIGN
In order to establish a reasonable shielding design, both simplified and detailed design methods were used in the shielding design of the J-PARC project (2) .
The most serious problem concerning the shielding design for most accelerator facilities is that, with a few exceptions such as a beam dump and target, a primary beam-loss condition cannot always be determined accurately. Thus, considering the large uncertainty in source term estimation, essentially semi-empirical formulas and/or simplified methods were applied for most of the design study cases.
At the same time, although they are usually very time consuming, some detailed methods must be applied to the design calculations at the target, the beam dump and the injection and extraction points of the accelerator, where a complicated geometry with high beam losses predictable in the calculation are expected. The calculation flow of the detailed method is shown in Figure 1 . In this method, Monte Carlo codes (PHITS (3) , MARS (4) and MCNPX (5) ) are used for high-energy particle transport calculation of >20 MeV for neutrons and >1 MeV for charged particles and mesons. In this system, several Monte Carlo codes are used for the design, making full use of the characteristics of each code. The PHITS code is a multi-purpose particle and heavy ion transport Monte Carlo code system based on the NMTC/JAM code (6) . The combined system of the PHITS and DCHAIN-SP 2001 (7) codes is used to design a spallation neutron target system, because the code system can easily estimate the evolution of induced radioactivity in the spallation target. The MCNPX code is widely used for design because the code has various kinds of estimators and variance reduction techniques. The MARS code can calculate the radiation flux and dose in a relatively short time compared with other Monte Carlo codes. The MARS code can be easily connected with the STRUCT code (8) , which can calculate proton beam tracing in the accelerator. The MCNP-4 code (9) with a nuclear data set, JENDL-3.3 (10) , is applied for low-energy neutrons up to 20 MeV and photons. In an activation estimation, the DCHAIN-SP 2001 code with mainly the FENDL-Dosimetry file (11) is used for induced radioactivity and dose estimations resulting from residual nuclei in the machine components and the wall of the accelerator room.
METHODOLOGY, BENCHMARKING AND DATA EVALUATION ON SHIELDING ISSUES
The major issues for the shielding design are source term estimation, bulk shielding, duct streaming, skyshine and activation. The methodology, benchmarking and data evaluation related to these issues are reviewed here.
Source and bulk shielding
In order to carry out source term estimations and bulk shielding calculations simultaneously by specifying the beam-loss rates and the beam energy for the calculations in almost all parts of the accelerator, Tesch's formula (12) for a proton energy of <1 GeV and the Moyer model (13) for an energy >1 GeV are used. A proton beam loss in ordinary regions of 1 W m À1 is assumed, based not on considerations of accelerator beam optics, but on the need for hands-on maintenance of the accelerator components. In addition, some Monte Carlo codes are employed at specific regions with high beam loss and complicated geometry, such as beam dumps, targets and collimators.
In order to evaluate the accuracy of the design methods, some benchmark problems based on experimental data were analysed using the design methods. Figure 2 shows examples of benchmarking with the AGS/BNL (Alternating Gradient Synchrotron of Brookhaven National Laboratory) shielding experiment. In the experiment, various neutron reaction rate distributions with various threshold energies were measured in the lateral shields of ordinary concrete of 5.0 m thickness and steel of 3.3 m thickness set 1 m from a mercury target irradiated by 2.83 and 24 GeV proton beams. The measured spatial distributions of the neutron reaction rates of the 209 Bi(n,6n) 204 Bi reaction inside the steel and ordinary concrete shields are compared with the NMTC/ JAM and the MCNPX calculations at 24 GeV protons in Figure 2 (14) . In both cases, steel and ordinary concrete shields, all calculations agree with the measurement within a factor of 2. On the whole, all calculations predict the neutron attenuation in the shields satisfactorily well over 5 orders of magnitude.
Streaming
For the labyrinth of an access way in a proton accelerator facility, simple empirical formulas have been prepared by Nakamura and Uwamino (15) , and applied during the early stage of the design. The simplified duct streaming code, DUCT-III (16) , is also applied in most of cases for duct streaming calculations. This was originally developed for the duct streaming calculations at reactor and/or nuclear facilities, and improved by introducing the revised albedo data for neutron energy up to 3 GeV obtained with the NMTC/JAM and MCNP codes. Since the application of the code is restricted to straight and 
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rectangular ducts, the calculation for other geometries, such as curved ducts or bent ducts of any angle, are made using Monte Carlo calculations.
The validity of the code was verified through some experimental analyses. Figure 3 shows an example of the results on the TIARA (Takasaki Ion Accelerators for Advanced Radiation Application of JAERI) experiment. The neutron dose equivalent distribution was measured in a labyrinth of three legs connected to a target room at TIARA, with the white neutron source generated at a thick Cu target irradiated by 68 MeV protons. The measured neutron dose equivalent rate distribution in the labyrinth is compared with calculations made using the NMTC/ JAM, MCNPX and DUCT-III codes in Figure 3 (17) . The calculations of the NMTC and MCNPX codes agree well with the measurements within a factor of 2; the DUCT-III code is also in good agreement within a factor of 3. It was concluded that all the methods are available for the shielding design on radiation streaming.
Skyshine
In order to estimate the total dose resulting from radiation at the site boundary, Stapleton's formula (18) was applied for all skyshine sources. A total dose estimation system (19) was established, coupling the Moyer model and Tesch's formula for bulk shielding with Stapleton's formula for skyshine. The system can optimise the required shield thickness throughout the whole facility and estimate the subsequent skyshine doses at the site boundary quite rapidly. The simplified skyshine code SHINE-III (20) is also applicable to some cases, such as experimental buildings. It was modified by introducing a new conical beam response matrix of neutrons up to 3 GeV, evaluated using the NMTC/JAM and MCNP codes. For a complicated geometry, Monte Carlo calculations are also made. Comparisons of the calculated dose equivalent resulting from skyshine radiation among Stapleton's formula, the SHINE-III code and the NMTC/JAM code are presented in Figure 4 . It has been shown that the calculations are in very good agreement with each other from very near to the source region up to a distance of 2000 m for neutrons generated by 600 MeV and 3 GeV proton beams.
Activation
Induced radioactivities of air, water, targets, devices and walls can be reliably estimated using the measured data for existing facilities, although it is difficult to cover all the estimation using the measured data. Thus, the measured data and their extrapolation are used for radioactivity estimations, and the calculation system shown in Figure 1 is also used.
In the system, the PHITS code calculates the particle fluxes and residual nuclei, the DCHAIN-SP 2001 code gives the induced radioactivity distributions and the gamma-ray energy spectra, and finally the MCNP code calculates the spatial dose distribution owing to the residual nucleus. The accuracy of the system is less reliable for estimating the radioactivity produced from light nuclei, as opposed to intermediate and heavy nuclei. Thus, the induced radioactivities of light nuclei in air and water are obtained from the neutron and proton fluxes calculated using the Monte Carlo codes, multiplied by the corresponding activation cross sections. Because there are very few evaluated activation cross sections in the energy region >20 MeV, some activation cross sections are tailored by using both measured and calculated data (21) . As examples of the evaluation, the tritium production cross sections of nitrogen and oxygen by protons are shown in Figure 5 . SUMMARY J-PARC is a large-scale experimental facility consisting mainly of a world-class high-intensity, highenergy proton accelerator. Thus, more operational prudence in terms of radiation safety is required than for existing accelerator facilities. In order to ensure safety, as well as economic rationality, the shielding design and safety evaluations are performed using a combination of simplified and sophisticated methods with reliable data. A safety review to approve the use of J-PARC will start in the near future, and the validity of the shielding design method will be verified further for the review. 
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